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Synopsis 
Mathematical modelling of time-dependent creep deformation 
in reinforced and prestressed concrete structures is investigated. 
The basic expression for the creep function is outlined, and 
subsequently applied to the solution of various practical 
structural engineering problems including loss of prestress, and 
redistribution of stress and deformations in statical systems 
subjected to changes in constraint. It is shown that the creep 
function can be used in these calculations, either directly, or 
through its inverse, the relaxation function. The use of the 
latter simplifies calculations in certain cases. 
Current methods for calculation of time-dependent loss of 
prestress are given thorough examination. Deficiencies of 
simplified methods are exposed, and the superiority of more 
refined methods is demonstrated. 
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1. INTRODUCTION 
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All prestressed concrete structures are subjected to time 
dependent deformation. Depending on the type of structure, time 
dependent deformations may have large or small effects on stress 
distributions and deformations. Common to all prestressed concrete 
structures are losses in prestressing force with time. 
Time dependent effects are usually pronounced in the 
following types of structures: 
(a) statically indeterminate structures subjected to modification 
of structural system or to settlement of supports after their 
erection (Favre, 1980; Courbon, 1968; CEB, 1978). 
(b) composite structures erected from single span elements and made 
continuous after their erection (Freyermuth, 1969) 
(c) bridges ouilt by segmental method of construction (Favre, 1980; 
PCI, 1972). 
In all these structures, time-dependent changes are caused 
mainly by two types of processes: creep and shrinkage. Creep is the 
time-dependent deformation of an unrestrained structural member 
subjected to a stress history, while shrinkage is stress-independent, 
time-dependent deformation which results mainly from loss of moisture 
in concrete. Of these two types of deformation, creep is more 
commonly responsible for time-dependent effects in structures, and 
tnis paper is devoted to tne study of the creep effects. 
Information on creep and shrinkage is essential for time-
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depenoent structural analysis. It is commonly available in the form 
of grapnically represented curves (CEB, 1978; AS, 1978) or more 
rarely in tne fonn of analytical functions. Both forms usually 
incorporate empirical coefficients to account for various 
environmental, geometrical and material factors. 
A typical creep curve, wnether it is represented analytically 
or grapnically, gives the deformation under constant unit stress in a 
structural member free to deform in the direction of the applied 
stresses. If a structural member is restrained in any direction, then 
tne constricted deformation generates stresses which, in turn, cannot 
produce deformation because of restraints. In such cases, the time­
dependent effect results in stress relaxation. Stress relaxation is a 
phenomenon opposite to creep, in the sense that it represents the 
change in stress resulting from deformation history. Like creep, it 
is time-dependent. 
It nas oeen demonstrated (Courbon, 1968) that creep and 
relaxation are inter-related, so that if one is known, then the other 
can be oeduced through an inversion procedure. Analytically, this 
results in an integral equation. 
This paper includes: 
(a) review of metnods for evaluating loss of prestress, including 
elementary methods, and those which make use of relaxation 
functions; 
(D) elementary application of creep end relaxation functions to some 
statically indeterminate concrete structures. 
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2. CREEP AND RELAXATION FUNCTIONS 
2.1 The Creep Function 
The fundamental equation for creep deformation in an 
unrestrained structural member subjected to a constant stress applied 
at time t0 is generally written in terms of strains. 
Equation (1) gives the total strain E(t) at time t> t0 
t 
E(t) En(t) + o(t0)�(t,t0) + J¢(t,T)dT(T) 
to 
( 1) 
where E0(t) is explained below, o(t0) is stress applied at time t0 and 
maintained throughout the loading history, ¢(t,t0) is the creep 
function explained below, T is a variable of integration. 
Equation (1) if often defined as a superposition equation because it 
superposes the effects of stress acting at subsequent instants of 
time. 
Tne right side of Equation (1) has three terms. The first 
term, En(t) represents the stress-independent strain at time t 
resulting from shrinkage, temperature or simply an imposed strain. 
Tne second term represents the instantaneous and time-dependent strain 
resulting from constant stress o(t0). ¢(t,t0) is the creep function, 
wnicn represents the sum of the instantaneous and time-dependent 
strains at time t resulting from unit stress applied at time t0. The 
general form of the creep function is: 
1 /..(t,to) 
--- + 
Ec(t0) Ec(t) 
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(2) 
wnere Ec(t0) and Ec(t) are moduli of elasticity of concrete at times 
t0 and t respectively, and /..(t,t0) is defined as creep coefficient. 
1/Ec(t0) represents the instantaneous part of the deformation, and 
/..(t,t0) represents the time-dependent part, which is equal to the ratio 
between the incremental time-dependent strain at time t, and the 
instantaneous strain at time t0, i.e. 
(3) 
Various authorities have differing views as to the value of Ec(t) by 
which the creep coefficient is divided. In most literature sources, 
the value of the modulus of elasticity at the 28th day after pouring 
is used, i.e. Ec(28) (AS, 1978; CEB, 1978). The form in which /..(t,t0) 
is presented varies also. In NAASRA (1976), it is given in the form 
of empirical coefficients by which values read from time-dependent 
curves are multiplied, while CEB (1978) gives dimensionless curves for 
cp(t,t0) x Ec (28L and ACI (1977)uses analytical expressions. 
The third term in Equation (1) represents incremental, time­
dependent deformation under variable stress history. Since /..(t0,t0) 
u, Equation (2) yields: 
(4) 
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Botn tne creep coefficient, and consequently, the creep function are 
monotonically increasing functions of time. 
If the information on stress increments is in a discrete form, then 
the integral in Equation (1) can be substituted by a summation 
i=N 
I ¢( tN, t . }Cia( t. ) i =1 1 1 (la ) 
in which i is the instant of time at first loading, and N is the last 
instant of time of the summation. 
2.2 The Relaxation Function 
Imagine a structural member subjected to suddenly applied 
load, allowed instantaneous deformation and subsequently restrained 
against further deformation. In such a situation, the originally 
applied stress will be reduced with time as a result of stress 
relaxation. The instantaneous deformation is 
(5) 
Tne time-dependent stress relaxation is 
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(6) 
wnere r(t,t0) is tne relaxation function: stress at time t resulting 
from initial deformation at time t0. It is e asy to deduce from 
Equation (6) tnat 
a(t l 
r(t0, t0) = --0-= E (t ) E(t ) C O 0 
(7) 
Relation (6) can be extended to a more general case when the 
structural element is subjected to time-dependent deformation history: 
t 
a(t) = E(t0)r(t,t0) + J r(t,T)dE(T) 
to 
(8) 
The integral in Equation (8) is similar to the int egral in Equation 
(1), and it can also be approximated by discretisation in the time 
domain provided that discrete values of dE are available. The 
relaxation function is a monotonically decreasing function of time. 
2.3 Cases Where Relaxation Function is Applicable 
(a) Bonded prestresses or post-stressed beams. 
Here, creep of concrete and relaxation of prestressing st eel are 
botn mutually constrained against deformation. The problem is 
tnerefore a mixture of creep and relaxation. If the creep 
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function only is available, then accurate modelling of the 
defo rmative process in such beams is possible only if an 
iterative step-by-step procedure is used (Sokal, 1981). However, 
use of the relaxation function allows relatively accurate 
solution in one step only. 
(b) Redistribution of stresses in composite construction. 
Here, a prestressed bridge girder or a prestressed floor beam is, 
at a certain age, monolithically joined with a topping slab. 
Both parts are subsequently subjected to differential, mutually 
restricted, time-dependent deformation. 
(c) Introduction of an additional restraint into a structure, 
thus increasing its degree of indeterminacy. 
This additional restraint restrains creep deformation and causes 
redistribution of stresses which can be evaluated by means of the 
relaxation function. 
(d) Settlement of a support in a statically indeterminate 
structure. 
For a suddenly occurring settlement, the time-dependent 
solution fo r stress and deformation redistribution is achieved 
relatively simply using the relaxation function. When the settlement 
develops progressively with time, the relaxation function again allows 
relatively simple solution. 
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2.4 Use of Relaxation Function to Solve the Superposition 
Equation (1), (CEB, 1978; Favre, 1980). 
In the implementation of Equation (1) the main computational 
difficulties involve the solution of the integral 
t 
J <j>(t, T)do( T) 
to 
Suppose that the applied stress is monotonically increasing, and that 
the final value of the stress is o(tk). 
It has been suggested by Trost (1967) that the creep function 
may be adjusted so as to take into account the relaxation of stress in 
a constrained, or partially constrained,structural member undergoing 
creep deformation. This suggestion has been later reformulated by 
Bazant (1972),and its final form is 
\ 
f <j>(t,T )do( T) 
to 
X(tk,t0) has been defined as the aging coefficient. It is always less 
* 
than or equal to 1. <j> (tk,t0) is the adjusted creep function. 
A general expression for x can be derived from comparison of 
Equation (6) with Equation (9). For the purpose of derivation, 
Equation (6) c a n  be rewritten as follows: 
-9-
o(t0) 
Ec(to) 
r(tk,to) 
Equation (10) gives stress at time tk in a constrained structural 
element subjected to initially imposed strain s(t0) which remains 
constant throughout the time interval (tk - t0). Equation (1) is 
rewritten below with the condition of maintaining constant strain, 
with sn(t) = 0 and with substitution of the integral expresion by 
Equation (9) 
Equation (11) is solved for o(tk) 
(10) 
(11) 
Comparison of the right hand side in Equation (12) with the extreme 
right nand side in Equation (10) gives an equation which is solved for 
- 10 -
wnich after readjustment and simplification, becomes 
(13) 
Tne above solution for X is valid only if Ec (28) is used in the second 
term of the creep function (see Equation (2)). In other cases it 
should be correspondingly readjusted. 
Equation (9) can now be rewritten in a substantially 
simplified form 
t 
f ¢ (t,T)dcr (T) 
to 
* 
llcr (\,t0) 
* 
Ec( tk 'to) 
In which E0 (tk,t0) is the age-adjusted modulus of elasticity 
(definition by Bazant ( 1972)) 
(14) 
(15) 
The age-adjusted modulus of elasticity is much superior to the widely 
used effective modulus of elasticity. 
Ec ( tk, t0) (effective) ( 16) 
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If, in Equation (15), Ec(28) is replaced by Ec(t0),then the effective 
modulus of elasticity equals the age-adjusted modulus provided 
The superiority of the age-adjusted modulus becomes apparent only in 
computation of deformation due to a variable stress history (CEB, 
197�). 
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3. APPLICATION OF CREEP AND RELAXATION FUNCTIONS TO LOSS OF 
PRESTRESS IN PRSTRESSED (OR POSTSTRESSED) CONCRETE 
The methods explained below a re illustrated later in a 
numerical example. 
J.1 Basic Steps in Calculation of Loss of Prestress 
The simplest calculations are those recommended in AS-1481 
(1978), or in NAASRA (1976). These calculations a re summarised in 
several steps outlined below which can be performed for any section 
a 1 ong the beam. 
Step 1 Calculation of strain in concrete at centroid of tendons. 
This strain £(t0) results from stress due to prestress and 
permanent loads 
Step 2 Determination of the value of A(t,t0) and of the total 
shrinkage strain £sh(t). 
Step 3 Calculation of incremental creep strain �£cr(t) 
(17) 
(18) 
Step 4 Calculation of loss of prestress from creep and shrinkage 
bo s 
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where Es is the modulus of elasticity of prestressing 
tendons. Pure relaxation (unrestrained relaxation) of 
(19) 
prestressing steel is then calculated, and the effect of 
interaction between pure relaxation and creep-plus- shrinkage 
is taken into account through an empirical reduction of 
relaxation. NAASRA's (1976) recommendations for that reduction 
are: 
Rat = R [1 - b
o s) t osi 
(20) 
where Rat is the reduced relaxation expressed as a percentage 
of initial stress in the prestressing tendons, Rt is the 
relaxation (percent of initial stress) without interaction, 
and osi is initial stress in tendon. 
Step 5 Calculation of total loss including relaxation 
0si Rat bos(from Equation (19)) + � (21) 
Tne main deficiency of this simplifed method is that it does not take 
into account the redistribution of stresses and strains across a 
section that takes place after implementation of the loss, i.e. after 
reduction of the prestressing force. This is shown below in the 
refined method presented in subsection 3.3. 
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3.2 Use of Transformed Section 
Reinforcement within the section is transformed to concrete. 
Tnis applies to eventually present non-prestressed reinforcement as 
well. Transformation gives more realistic resistances (cross section 
areas, moments of inertia and section moduli). The transformation is 
done using ratio of moduli of elasticity at the time of first 
application of stress to concrete, generally at the time of transfer 
of pre- or post- stress. 
Main steps in the calculation are: 
Step 1 Transformation of the section. Modulus of elasticity for 
concrete is Ec(t0) where t0 is the time at transfer. 
* 
Step 2 Calculation of the transformed cross-section area A and 
* 
moment of inertia Ic. 
Step 3 Follow all steps from 3.1. 
3.3 Restoration of Equilibrium After Calculation 
of Loss in Sections 3.1 or 3.2 
It is obvious that reduction of osi by fios causes changes in 
stresses and strains in both concrete and steel, and, if n ot accounted 
for, leaves the section in a state of non-equilibrium and 
incompatibility. This situation can be restored by applying to the 
trdnsformed section a tension force equal to the lost force. 
-15-
(22) 
where Prt is the restoring force, and As is the cross section area of 
tne prestressing reinforcement. This force is applied at the centroid 
of prestressing reinforcement, which is equivalent to subjecting the 
cross-section to a normal tension force Prt applied at the centroid of 
the transformed section, and a positive bending moment Mrt such that 
* 
Mrt = Prt x e 
where 
section. 
e* is the.eccentriCity.of the tendons in the transfonned 
(23) 
The prestressing reinforcement stress is then increased by 
(24) 
Additional stresses and strains in the concrete and in the non-
prestressed reinforcement can be similarly calculated: 
(a) Additional stress in concrete 
(25) 
(b) Additional stress in non-prestressed reinforcement 
E 
� 
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(25b) 
wnere y is the distance from the particular level within the 
section to the centroid of the composite section; 
Ys,n is the distance from the centroid of the particular 
non-prestressed reinforcement to the centroid of the 
composite section; and 
Es,n is the modulus of elasticity of the non-prestressed 
reinforcement. 
J.4 Creep Transformed Section Method 
This method has been suggested by Dilger (1982), and uses the 
age-adjusted modulus of elasticity (15) instead of the plain modulus 
of e l asti city. The method involves transformation of the section 
using age-adjusted modulus of elasticity, and then restoration of the 
equilibrium as in Section 3.3. 
3.5 Analytical Formula Developed by CEB (1978) 
This formula also uses age-adjusted modulus of elasticity. 
The formula is derived from Equation (1) by replacing the integral 
witn Equation (14). Equation (1) can be rewritten in the following 
way: 
since 
-17-
� - - . E(t0l = E (t l 1t lS obv1ous that c 0 
(26) 
(27) 
Let �E(t,t0) be the change in strain in the concrete at the level of 
centroid of prestressing tendons, and let a(t0) be the stress in the 
concrete at the same position before the loss occurs. 
(28) 
where crcp is the stress resulting from prestress alone (before 
occurrence of the loss) and acg is the stress resulting from permanent 
1 oads. 
It is now assumed that the following ratio holds at any time 
(29) 
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�oc(t) is the change in stress in the concrete at the level of 
centroid of prestressing reinforcement, 
�os(t) is the loss in prestressing reinforcement, 
os(t0) is the stress in the the prestressing reinforcement 
before the occurrence of loss, 
ocp(t0) is the stress in the concrete at the level of centroid 
of prestressing reinforcement before the occurrence of loss. 
Equation (27) is now rewritten, substituting for �oc(t) from Equation 
(29), and using the equality of strains between steel and concrete as 
shown in Equation (30) 
�os(t) = 
Es 
Equation (31) 
�os(t) 
o(t0)A.(t,t0) 
Ec(28l 
llos(t)oCQ
(t0) 
+ 
* 
os(t0)Ec(t,t0) 
is solved for �os(t). 
Es o(t0):>..(t,t0) � c 
- ocp( to) Es 
,..------
os(to) Ec(t,t0) 
Shrinkage strain can be also included by adding it to the 
(30) 
(31) 
(32) 
rignt nand side of Equation (27). The solution for �o5 ( t ) then becomes 
-19-
Es o(t0)A(t,t0) � + £shEs 
ocp(to) 
Es 
1 - os(t0) E:(t,t0) 
Signs in Equations (32) and (33) must be used with caution. Both 
(33) 
terms in the numerator are generally of the same sign, while the 
ratio, ocp(t0)/os(t0) is negative because ocp is generally compression 
and as is tension. The result, in general, is that all terms in the 
demoninator are positive. 
To include relaxation of prestressing steel, CEB (1978) 
recommends the following iterative procedure: 
Step 1 Calculation of loss of prestress using Equation (33) and 
neglecting relaxation of steel. 
Step 2 Calculation of pure relaxation Rt (in percent) using 
the following stress asi in the prestressing reinforcement 
(34) 
asg is the stress in the prestressing reinforcement 
before the occurrence of loss, and includes the effect of 
permanent loads. �as(t) is as calculated from Equation (33). 
In Equation (34), all quantities are assumed to be positive, 
so that 0.3 x �as(t) is definitely subtracted from asg· 
Step 3 Substitution of the loss due to pure relaxation Rt into 
Equation (33), which is modified for that purpose as shown 
below 
-20-
(35) 
Step 4 Substitution of fios(t) into Equation (34), and iteration 
with Equation (35), until fios(t) as input into Equation (34) 
equals fios(t) resulting from Equation (35). 
Restoration of equilibrium can then follow as in Section 3.3 
3.b Step-by-Step Modelling of the Time-Dependent Effects 
This method consists of division of the time interval into 
small steps. Loss is calculated for each time-step, with restoration 
of equilibrium. A simplified version of the method has been applied 
by Sokal (1981). This method is supposed to be the most accurate if 
proper creep functions are used. Due to multiple repetition of 
calculations, there could be accumulation of numerical errors. To the 
author's knowledge, this has not yet been investigated. 
4. 
4.1 
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USE OF CREEP AND RELAXATION FUNCTIONS IN THE 
SOLUTION OF SOME STATICALLY INDETERMINATE PROBLEMS 
Application of Creep Function to the Solution of a 
Statically Indeterminate Beams on Rigid and Elastic 
Supports(CEB, 1978) 
Rigid support means such support that there is no deformation 
at all. Elastic support can deform, and its analytical model is 
represented by an elastic linear spring with known flexibility 
coefficient. According to the force method of analysis for elastic 
and linear beams, the equation for redundant i at the time of first 
loading t0 is 
oio is the deflection from actual loads in primary beam at 
redundant i; 
(36) 
aij is the flexibility coefficient for a rigid support= 
deflection of the primary beam at i resulting from unit force 
applied at j; 
xj is the value of the redundant at j; 
X; is the value of the redundant at suport i with elastic 
spring; 
N is the number of redundants; 
asi is the flexibility coefficient for the spring at i 
= deflection of the spring from a unit force. 
The redundant Xi appears here twice. First under the summation 
sign as a force applied directly to the structure, and then with asi 
as a force acting in the opposite direction and applied to the spring. 
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Equation {36} is valid for time t= t0 at the instant of 
loading. With time, creep deformation will cause further deformation 
all along tne beam, including its spring supports which, in turn, will 
cause redistribution of forces in all other supports. That further 
deformation is taken into account by Equation {1} which is rewritten 
below witn slight modification to all right side terms. The first 
term is set equal to zero. In the second term, a{t0} is replaced by 
tne equivalent E{t0} Ec{t0}, and in the third term, da{T} is replaced by 
dE{T}EC{t0}. 
E{t} E{t0}Ec{t0}�{t,t0l + Ec{t0} J �{t,T}dE{T} 
to 
{37} 
Since deflections are proportional to strains, Equation {37} 
can be rewritten in terms of deflections o 
t 
o{t} = o{to}Ec{to}�{t,to} + Ec{to}J �(t,T}do(T} 
to 
Using Equation (38}, Equation (36} is rewritten for time t> t0 
t 
+ 
Ec(t0l j�l aij f �(t,T }dXj(T} + asi Xi(t} = 0 
to 
(38} 
(39} 
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In Equation (39), the first term represents general growth of 
deformation with time, and is unrelated to the existence of springs, 
wnile tne other two terms are strictly related to springs. If there 
were no springs, tnen only the first term would be retained, and since 
Ec(t0) (t,t0) is never zero for t > t0, then the time-dependent 
solution for Xj will be identical with solution for t0. This means 
tnat creep would have no effect on an indeterminate beam with rigid 
supports. 
Equation (36) is now subtracted from Equation (39) and this 
leads to Equation (40) 
N 
+ Ec( to) _I J=l 
+ a - (X.(t) - X.(t l) 51 1 1 0 
The integral in Equation (40) is now replaced by an explicit 
expression according to Equation (14). 
t 
aij I �(t,T)dXj(T) 
to 
(40) 
(41) 
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In addition, fr om Equation (2) 
A.(t,t0)Ec(t0) 
Ec(28) 
(42) 
Equations (41) and (42) are now s ub stituted into Equation (40), which, 
after some rearrangement becomes 
(43) 
Equation (43) can be generalised, relatively easily, to include all N 
redundant reactions in structure. In the following representation, 
round brackets () represent vectors and square brackets[] represent 
matrices. 
wnere [' .J represents a diagonal matrix. If some redundant supports 
are rigid,tnen some of the elements within the main diagonal of that 
matrix may be zero. 
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The solution of the system of Equation (44) proceeds in two 
steps. In step one, the system of equations obtained from the 
generalisation of Equation (36) is solved for fXk ( t0 l ) . 
(0) (45) 
This gives an elastic sol�tion. 
In step two, the known vector (Xk ( t0 l ) is substituted into the 
system of Equations (44), which is now solved for (Xk ( t l ) · This is 
tne visco-elastic solution. Were it not for the existence of the 
aging coefficient, the system of Equations (44) would have to be 
solved by some special step-by-step iterative procedure. 
4.2 Sudden Arrest of Deformation at a Particular 
Section of an Indeterminate Structure 
Suppose that an additional support is created in a beam 
sometime after the beam erection. This additional support renders the 
beam statically indeterminate, more generally raises its degree of 
indeterminacy. At the time of creation of the additional support, 
there is no change in moment distribution in beam, however with time 
tne arrested creep deformation at the additional support will start to 
generate new bending moments and consequently new stress 
distributions. To avoid unnecessary complications, assume that the 
additional support is erected in a statically determinate beam. With 
tne additional support added, the beam becomes once statically 
indeterminate. The beam is assumed to behave linearly throughout the 
whole history of deformation, therefore stresses are proportional to 
-26-
bending moments. If Equation (8) is multiplied by I/y, it can be 
rewritten in the fo llowing form 
M(t) r(t, t)dR(t)I 
where M(t) is the bending moment, 
R is the curvature, 
is the moment of inertia and 
t0 is the instant of time when the additional support 
is created. 
(46) 
Since M(t0), the bending moment from applied loads is zero, Equation 
( 46) reduces to: 
M( t) 
t 
f r(t,t )dR(t )I 
to 
(47) 
Since the deformation process of the beam is related to creep 
deformation, it is logical to assume proportionality between curvature 
and creep development as shown below 
dR(t) 
= E (�B)I d�(t,t) c 
(48) 
where tne proportionality coefficient C is chosen to be the value of 
the moment tnat would have existed at the additional support if that 
support had been created at the time of beam's erection. 
-27-
Equation (47) now becomes 
M(t) (49) 
The general form of solution for the integral in Equation (49) 
can be obtained from Equation (8), in which it is assumed that a unit 
stress is applied, i.e. a(t) = a(t0) = 1.0 which involves sc(t0l = 
1.0/Ec( t0). 
Equation (8) thus becomes 
t 
r(t,t0) J 1.0 = EltT + r(t;r)dE(T) c 0 t 0 
For a unit stress applied at t = t0 
Differentiation of (50a) with respect to time gives 
dE( t) 
dll(t,T) 
(50) 
(SOa) 
(SOb) 
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Substituting (50b} into (50}, the latter becomes 
t 
_ 
r(t,t0} + J r(t, Tl df.(t,T} l.U - E (t } Ec(28} c o t0 
Solving the integral gives 
t 
J r(t,t0}d>.(t,T l  
to 
r(t,t0} 
----
Ec(to} 
(51} 
(52} 
Applying Equation (52} to Equation (49}, an explicit solution is 
obtained for the moment at the added support 
{ r(t,t0} ] M(t} C 1 - � 
0 
(53} 
The right side in Equation (53} is a monotonically increasing function 
of time, and is zero for t = t0 according to Equation (7}. 
4.3 Sudden Deformation of a Support 
If a support in a statically indeterminate beam undergoes 
instantaneous settlement some time after the erection of the beam, 
tnen the moment generated at the time of the settlement Mel (t0} will 
subsequently be reduced by creep deformation of the beam. This is a 
typical case of a sudden deformation applied to a constrained 
structure, since it is assumed that further settlement or rising of 
-29-
_ tne support will be constrained. This case can be solved with the 
help of Equation (46) in which only the first term is retained. 
r(t,t0) 
M(t) 
= Mel(to) -------E (t ) c 0 
4.4 Slowly Developing Deformation of a Support 
Consider a case, similar to that in Section 4.3, where a 
(54) 
support in a statically indeterminate beam undergoes deformation, but 
assume now that the deformation is slowly developing and is 
proportional to the development of creep. Here, the analytical 
representation requires the use of the integral term from Equation 
(46), whose solution is given by Equation (53). The constant C can 
take, for example, the value of an elastic moment generated by a 
·sudden deformation, the magnitude of which is equal to the magnitude 
of the ultimate value of slowly developing deformation. Hence, the 
development of the moment at the yielding support is controlled by 
Equation (53). 
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5. NUMERICAL EXAMPLE FOR ILLUSTRATION OF METHODS 
OF EVALUATION OF LOSS OF PRESTRESS AS EXPLAINED 
IN SECTION 3 
Consider a simply supported prestressed concrete girder with 
constant section and span of 26.84 m. 
Girder properties: 
Gross concrete s·ection area, Ac = 
Gross concrete moment of inertia, 
512 i 
- 4 Ic - 0.1229 m 
Distance from top of section to the centroid of gross concrete 
section, yt = 0.853 m 
Distance from bottom of section to centroid of gross concrete 
section, yb = 0.597 m 
Total height of the section 1.450 m = Yt + yb 
Section modulus: top, Zt = 0.1441 m3, bottom, Zb = 0.2059 m3 
Eccentricity of tendons at centre of span, e = 0.474 m 
Cross section area of tendon reinforcement, As = 4290 mm
3 
Initial prestressing stress before transfer crsi = 1415 MPa 
Modulus of elasticity of steel 190000 MPa 
Modulus of elasticity of concrete is variable with time and is 
calculated by the formula (55), (Jungwirth, 1981) 
t 0.136 Ec(28) x 1.14435 X (t + 47) MPa 
Ec(t) is the modulus of elasticity at time t days after placing, 
Ec(2H) is the value of Ec(t) at t = 28 days. 
(55) 
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Relaxation of stress in a prestressed tendon is controlled by 
NAASRA (1976) recommendations and for t < 1000 hours it is given by 
Equation (56). 
Rt 5 a-x 100 = ;r (1 + logt) 
si 
and for t> 1000 hours, by Equation (57) 
Rt 5 -a:- x 100 = j log t 
Sl 
where logt is the decimal logarithm of time in hours. 
5.1 Application of Section 3.1 
5.1.1 Transfer at day seven (t = 7) 
Loss from relaxation of tendons 
R 
=
 
1.25 (1 + log 168) x 1415 
=
 
57 MPa t 100 
Remaining stress in tendons 1415 - 57 1358 MPa 
(56) 
(57) 
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Instantaneous loss at transfer is accounted for by the fonnul a 
(Equation (5H)) developed elsewhere by the author. 
0 
s2 
wnere os2 is the stress in prestressing reinforcement after 
transfer 
(58) 
MG is the bending moment from dead weight at the centre 
of span 
E 
n is tne modular ratio ___ s ___ 
Ec( t) 
n 190000 190000 
---"""""-"'"-"-- ---
= 23385 = 8·1 
( 7) 0.136 
27000 X 1.1435 X 54 
with density of 25.4 kN/m3, MG becomes 
2 
M = 25.4 X 0.512 X (26.84) = 1170•6 kN/m G 8 
6 
X 8.1 1358 + 1170.6 X 10 X 4
74 
0 s2 
1229 X 108 
"'' I 8.1 ' 4290 [ 1 + 512 X 103 1229 X 108 
Loss from transfer 1358 - 1233 = 125 MPa 
+ 1 
= 1233 MPa 
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5.1.2 Time-dependent loss at t = 30 days 
Creep coefficient as presented in Equation (3) and shrinkage 
strain are given by analytical formulas (Jungwirth, 1981). These 
formulae correspond to data presented in CEB, 1978). 
Creep coefficient: 
/..(t,t l = 0.4 -- + 3.1 - . ·  (59 
[t - t01 0.238 [··[ t ]0.4 f· t0 ]0.4] 
0 t+321
J 
t+377.82 t0+377.12 . ) 
This corresponds to the following parameters: 
theoretical thickness of 200 mm and relative humidity of 70%. 
shrinkage strain: 
2.92 X 10-4 . t - 0.079 
[[ ]0. 7038 ] 
t + 252.0 
creep coeficient at t = 30 
. ( 2 ) 0. 238 [ [ 30 ) 0. 4 l /..,30,7) = 0.4 30 + 321 + 3.1 30 + 377.82 - 0.201 
= 0.6775 
(60) 
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In wnat follows (-) signifies shrinking strain or compressive stress. 
However, tnis sign convention is observed only in expressions which 
will otnerwise be confusing. In all. other cases signs are omitted, 
like in, for example, the expression for total loss 6os which appears as 
positive while it is in fact compressive stress. ' 
Shrinkage strain at t = 30 
,,,(30), 2.902' 10"4 [ �0 ,':,2.o]O.I03S. 0.079 ] 
3.73 X 10-5 
Incremental creep strain in concrete, e.g. Equation (18) 
6£cR(30,7) = 27600 [· 1233 X 4290 1512600 + 4742 a] 1229 X 10 
- 1170.6 X 106 X 474] 0.6775 = 3.9 X 104 1229 X 108 
Loss of prestress according to Section 3.1 
6o 
= ( 3.9 X 10-4 + 3.73 X 10-5) X 190000 = - 81.2 MPa s 
5.1.3 
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Pure loss from relaxation, Equation (56) 
i- (1 + log(30 X 24) - 1 - log(7 X 24)1 1415 = 11.1 MPa 100 
Reduced relaxation loss, Equation (20) 
Rat 11.1 [1 - ni�) 10.4 MPa 
Total loss between t = 7 and t = 30 days 
�OS 81.2 + 10.4 91.6 MPa 
Remaining stress in tendon 1233 - 91.6 1141.4 MPa 
5.2 Loss of Prestress According to Section 3.2 
With this method the instantaneous loss of prestress is 
calculated using Equation (58) which uses untransformed cross section 
area of concrete and moment of inertia. If further refinement is 
required, then transformed values should be used instead. Time 
dependent losses are calculated with the transformed section using a 
modular ratio at t = 7 days. 
n = 190000 = 8.1 
23385 
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The calculations for transformed properties are shown in Table 1. 
TABLE 1 
A z 
Cross section area Centroid from bottom 
concrete 512000 mm
2 597 !'liTl 
pres tress i ng s t.eel 4290 X 8.1 = 2 597 - 474 = 34749 mm 123 mm 
� 546749 nvn2 
Composite cross section area A
* 
= 546749 mm2 
3.1 X 10
8 
New centroid from bottom 546749 
* 
567 mm = yb 
* 
New eccentricity for tendons 567 - 123 = 444 mm = e 
Composite moment of inertia 
1* = 1229 X 10
8 
+ 512000 (597 - 567)2 + 34749 X 4442 
1302 X 10
8 
Incremental creep strain in concrete 
l'lE:Cr (30 , 7) = 27�00 [12
33 X 4290 [546
�
49 
+ 
444
2 
s) 
1 302 X 10 
_
 1170.6 X 10
6 
X 444] 0.6775 3_43 X 10-4 
1302 X 10
8 
Loss from creep and shrinkage 
A x Z 
3.057 X 108 
4.27 X 106 
3.1 X 108 
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�cr (3.43 X 10-4 + 3.73 X 10-5) 190000 = 72.3 MPa s 
Reduced relaxation 
Total loss �crs = 72.3 + 10.5 = 82.8 MPa 
5.3 Restoration of Equilibrium According to Section 3.3 
Using Equation (22) 
Prt = 82.8 X 4290 = 355212N = 355.2 kN 
This force is now applied as tension force to the composite section at 
centroid of tendon. 
Recovered stress in tendons 
355212 ( 1 + 444
2 
) � 
= 9.6 MPa 546749 1302 X 10
8J ���00 
The corrected loss is now reduced to 82.8 - 9.6 = 73.2 MPa 
It may be interesting to check the change in stresses and 
strains in concrete. Use is made of transformed section, but the 
whole procedure of equilibrium restoration is applicable to non-
transformed section as well. 
Section moduli: 
top 1302 X 10
8 
z
t = ---'--1450 - 567 
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1.47 X 108 
8 
bottom Zb = 1302 X 10 = 2.296 X 108 
567 
Immediately after transfer: 
stress at top 
1233 X 4290 546749 - 8 
[ 1 444 ) 
1.47 X 10 
strain at top 
- 1. 7 MPa 
- 1. 7 
23395 
7. 27 X 105 
incremental creep strain at top 
6ccr ( 30 , 7 )  = - 2�0�0 0.6775 = - 4.27 x 10-
5 
total strain at top- 7.27 x 10
-5 - 4.27 x 10-5 
stress at bottom 
1170.6 
1.47 X 108 
11.5 X 10-5 
- 1233 x 4290 ( 1 + 444 ) + 1170·6 - - 14.8 MPa 546749 2.296 X 108 2.296 X 108 
-
t . t b t 14.8 s ra1n a ot om - 23385 - 6.3 X 10-
4 
incremental creep strain at bottom 
6scr(30,7) = -2�d6g 0.6775 = - 3.71 x 10-4 
-39-
total strain at bottom - 6.3 x 10-4 - 3.71 x 10-4 - 10-3 
After restoration of equilibrium using the restoring force Prt 
modulus of elasticity at t = 30 according to Equation (55) 
[ , 0.136 
Ec(30) = 27000 X 1.1435 X �J = 27160 MPa 
total stress at top 
- 1.7 + 355212 [-· -1 - - 444 � 
546749 1_47 x 108 J 
total strain at top 
- 11.5 X 10-5 - 27�G� = - 1.3 X 10
-4 
total stress at bottom 
14.8 + 355212 5446749 + 8 
( 1 444 J 2.296 X 10 
- 13.5 MPa 
Total strain at bottom 
- 10-3 + 2�i�o = - 9.52 x 10-4 
- 1.7 - 0.4 = - 2.1 MPa 
- 14.8 + 1.3 
Restoration of equilibrium reduces loss of prestress and affects 
correspondingly stresses and strains. 
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5.4 Use of Creep Transformed Section According to 
Section 3.4 
This method follows 5.2 except that modulus of elasticity of 
plain concrete is replaced with age-adjusted modulus of elasticity 
presented in Equation (15). For the sake of convenience, Equation 
(15) is rewritten below 
(15) 
All required parameters have been calculated before except for the 
aging coefficient, the value of which is taken from CEB (1978). 
:\(30,7) 0.83 
From previous calculations 
Ec ( 7) 23385 MPa, 
:\(30,7) = 0.6775, 
27000 MPa, hence 
* 
Ec(30,7) ____ 1 __ + 0.83 X 0.6775 
23385 27000 
15726 MPa 
The section is now transformed in Table 2 with 
E�(30,7) and n = 190000 = 12.1 
15726 
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TABLE 2 
A 8 
Cross section area Centroid from bottom 
concrete 512000 mm2 597 nm 
prestressing steel 4290 X 12.1 •2 51909 mm 123 mm 
I 563909 mm2 
Creep-transformed cross-section area A* = 563909 mm2 
8 
New centroid from bottom 3-����910 
* 
* 
553 mm = yb 
New eccentricity for tendons e = 553 - 123 = 430 mm 
Creep-transformed moment of inertia 
A X Z 
3.057 X 108 
6.38 X 10
6 
3.121 X 108 
1* = 1229 X 108 + 512000 (597- 553)2 + 51909 X 4302·= 1335 X 108 
Incremental creep strain in concrete 
1 ·[ 
[ 
1 4302 ) 
27000 1233 X 4290 . 563909 + 8 1335 X 10 
_ 1170.6 X 106 X 430
] X 0.6775 = 3.25 X 10-4 1335 X 1Q8 
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Loss from creep and shrinkage 
6a 
= 
(3.25 X 10-4 + 3.73 X 10-5) X 190000 = 68.8 MPa s 
Reduced relaxation 
( 68.8] Rat= 11·1 1 - 1415 10.6 MPa 
Total loss of prestress nos = 68.8 
+ 10.6 = 79.4 MPa 
Restoration of equilibrium 
Prt = 79.4 x 4290 = 340626N = 340.6 KN 
Recovered stress in tendons 
. 340626 [---1--- + 430
2 
) 190000 = 8.7 MPa 63909 1335 X 108 � 
Tne corrected loss is 79.4 - 8.7 = 70.7 MPa 
5.5 CEB (1978), Equation (33) 
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For the sake of convenience Equation (33) is rewritten below. 
(33) 
Use will be made of non-transformed section, but transformed section 
would certainly improve results further. 
Stress in concrete at centroid of tendons at t = 7 days: 
[ 
( 1 4742 ] 0(7) = -1233 X 4290 X 5120000 + 8 1229 X 10 
+ 1170.6 X 106 X 474] 
5 - 20 + 4.5 = - 15.5 MPa 1229 X 10 
and also 
- 20 MPa 
A(30,7) = 0.6775 
= 190000 = 7 04 27000 . 
3.73 X 10-5 
- 20 = 
1233 
= - 0.0162 
= 190000= 12.1 
15726 
-44-
15.5 X 0.6775 X 7.04- 3.73 X 10-
5 X 190000 
1 + 0.0162 X 12.1 
81.02 
1.196 = - 67.7 MPa 
Inclusion of loss from relaxation of stress in steel is done according 
to procedur e explained in 3.1.5, Equation (34) 
as = asg- 0.3nas(t) 1233 - 0.3 x 67.7 = 1213 
Rt is calcualted using the value calculated in 5.1 and adjusted to the 
new value of as 
R = 11.1 X 1213 = 9.5 MPa t 1415 
Rt is then suostituted into Equation (35) where use is made of the 
results ootained already from Equation (33) above (nos(t ) = - ��
i��)· 
- 81.02 - 9. 5 
1.196 
-45-
75.7 MPa 
In the second iteration, Equation (34) is used again 
and 
OS = 1233- 0.3 X 75.7 = 1210.3 
R = 11.1 x 1210.3 = 9 5 MPa t 1415 . 
Since Rt is the same as obtained before, the conclusion is that the 
iteration has converged towards the final value �os(t) = - 75.7 MPa. 
This method does not require restoration of equilibrium which 
means that stresses at t = 30 should be calculated using prestress of 
1233 - 75.7 = 1157.3 MPa. 
5.6 Calculation of Loss Using Step by Step Modelling 
of Time Dependent Effects (Section 3.6) 
A computer program developed previously (Sokal, 1981) has been 
used to calculate loss of prestressing force. The program used the 
untransformed section, and the integration time step was set up to one 
of the following length: 
(a l everyday 
(b) every fifth day 
(c) every tenth day. 
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The loss shown in Table 3 is the net loss 30 days after transfer. 
This maKes it comparable with all above presented methods of 
calculation. 
Table 3 
Integration time step length Loss in MPa 
1 day 88.5 
5 �ys 82.8 
10 days 83.6 
It is obvious from the above results that no conclusion can be made as 
to tne effect of time integration step length. Although the original 
publication reported that increase in time of integration step length 
increases loss of prestress, the comparison there was made on total 
length of integration much longer than 30 days used here and the 
effect becomes evident only within the range of the longest 
integration step lengths. Use of transformed section and of more 
sophisticated algorithms (CEB, 1978) would certainly reduce the loss 
further. 
5.7 Comparison between the Presented Methods 
The comparison in Table 4 shows in general, that the more the 
method is refined, the less is the calculated loss in prestress. The 
striking feature of this comparison is that computer method has no 
obvious advantage for the investigated case. 
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6. NUMERICAL EXAMPLE F OR THE ILLUSTRATION OF THE 
METHOD PRESENTED IN 4.1: BEAM ON ELASTIC AND 
RIGID SUPPORTS 
The beam as shown in Figure 1 has three spans on four supports 
one of which is elastic. All spans have identical cross-sections, 
nence moment of inertia Ic is constant. 
r 
3 ,5m 
l 5,00 
" 3,Sm 
"100kN 
7,00 
1 
J .... 5,00 
FIGURE 1 Three span beam on rigid and elastic supports 
Tnere are two redundants, one at support 1 and a second at support 2. 
as1 
18 
ECIC 
all 
70.5 a22 Ecic 
58.65 al2 = a21 = -----E I c c 
0 
= 0 
10 20 
7970.4 
- �  
Elastic solution at time t 
= 
t0 (Equation (45) is obtained from the 
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following system of two 1 inear equations 
[70.5 58.65] 
+ 
[18 l] x1!t0)] 
= 
7970.4 
58.65 70.5 · 0 X2(t0) 7970.4 
whose solution gives x1(t0) = 33.7 kN, x2(t0) = 85 kN. Reactions for 
this stage of solution are shown in Figure 2. 
100kN 
.1,21kN 
BSkN 
+ 17,5kN 
t33,7kN 
FIGURE 2 : Distribution of reactions at time t = t0 days 
6.1 Time Dependent Solution 
The time-dependent solution is sought for t = t0 
+ 
365 days 
and it requires the value of age adjusted modulus of elasticity 
accordingly with Equation (15). The age-adjusted modulus of 
elasticity requires information on creep coefficient, aging 
coefficient and moduli of e 1 asti city of concrete at t = t0 and t = 28 
days and their ratio. These quantities are calculated below. 
Let t0 = 7 days 
Creep coefficient, Equation (59) 
[ 365 - 7 1 ° · 238 A(365,7) = 0.4 365 + 321j 
-50-
r (. 365 l 0.4 + 3·1
-
�65 + 377.82 
( 7 J 0 .4] - 7 + 377. 82 = 2·052 
aging coefficient (CEB 1978) X= 0.74 
1'<1oduli of elasticity (Equation (55)) 
Ec(28) = 27000 MPa 
[ 7 10.136 Ec(7) = 27000 X 1.1435 X �j = 23383 MPa 
The age adjusted modulus of elasticity (Equation (15)) 
__
_ 
1 
__
_ + 0.74 X 2.052 23385 27000 
Ratio between different moduli 
-------
* 
Ec(365, 7) 
= ?3385 = 2 31 10101 . 
10101 MPa 
System of Equations (44) for the second step in the solution 
process now becomes 
7970.4 
+ 
[ 70.5 
7970.4 58.65 
58.651 33.7 
70.5 85.0 
2.052 X 23385 + 27000 
01 [ 70.5 58.65j X1(t) - 33.7 
+ 2.31 
1s 58.65 70.5 x2(tl - 85.o 
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which reduces to a system of equations: 
[186.5 
134.3 
134.3 x1 ( t l 18797.3 
18850.9 
The solution of wnich is 
Reactions for this final stage of solution are shown in Figure 3. 
FIGURE 3 
100kN 
74kN 
+ 16,2 kN 
Distribution of reactions at time t = t0 + 365 days where t0 = 7 days 
Comparison between Figures 2 and 3 shows that time- dependent 
deformation has contributed to the increase of the spring reaction and 
the decrease of the rigid reaction. 
-52-
7. ILLUSTATION OF METHODS PRESENTED IN 4.2, 4. 3 AND 4.4 
7.1 Sudden Arrest of Deformation (Section 4.2) 
The method will be illustrated on a cantilever as shown in 
Figure 4, which is loaded at time t0 with concentrated load P. At 
time t1 a support is created at cantilevers tip B. 
t 
= 0 28, tl = 90' t2 = 365 days. 
A� !
E 
B -
- ---
-- -....... t=to 
........... 
� 
L;z J L;z ' � 
"' 
(a) 
A.;r--=-:::::...::-- -- - -·- - B 
FIGURE 4 Unsupported and supported cantilever 
(a) unsupported; (b) supported 
Preliminary calculations: 
In a cantilever (Figure 4(a)) the bending moment at A is 
M _ PL A- 2 
-53-
(61) 
If the cantilever was supported at Bas shown in Figure 4(b), then the 
additional moment at Awould be 
�A = - l� PL = - 0.3I25 PL 
and the total moment at A would be 
The moment at A caused by deflection o8 at support B in the supported 
cantilever from Figure 4(b) is 
3E (t) I . 
6M = c c- oB A L2 
The solution for the time-dependent effect can be approached 
in two different ways. One way uses creep function �(t,t) and the 
second uses relaxation function r(t,t) (Equation (53)). The 
comparison between the two solutions will show the advantage in using 
relaxation function. 
Use of creep function. 
This solution consists of 
(a) calculation of the time dependent deflection at B that would 
(62) 
(63) 
(64) 
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have occurred there from the time of insertion of support if 
there was no support at all, i.e. scheme accordingly with Figure 
4(a); 
(b) calculation of additional moment at A resulting from that deflection 
in the same cantilever, but supported at B (Equation (64)). 
The time-dependent deflection in cantilever is calculated using 
Equation (38) which gives total deflection (instantaneous plus time­
dependent) . 
Tnis can be expanded accordingly with Equation (2). 
Of interest is the deflection that would have occurred from time of 
insertion of support at B (t = t1l to t2l. 
From Equation (59) 
?.( 90,28) 1.0 
-55-
From Figure 4(a) 
then 
a.1d using Equation (64) the additional moment which developed at A 
since a support was introduced at B is 
3E (28)1 3 liM 
= - c c X 0.0625PL = - 0 1875PL A L2 · Ec(28)1c . 
where Ec (t ) is made equal to Ec (28) . 
Use of relaxation function 
Using Equation (55) 
Ec ( 90 l [ 90 ) 0.136 
E (28) = 1.1435 90-io47 = l.08 c 
From Equation (53) in which C = 
-
1� PL 
ll M = 
-
-PL 1 - __ o_ 5 
[ r(t,t )l 
A 16 Ec ( t1) 
From CEB (1978) r(365,90) 
= 0.57 
Ec(28) 
hence 
-
56 -
= 1� PL (1 - �:��) - 0.148PL 
If t2 is approaching infini ty then A(oo,28) - A(90,28) � 1.6 and 
r(oo,9U)/Ec (90) � 0.13 
liMA (relaxa tion) 
1.6 x 5 X 3 Pl - O.SPL 48 
5 
-
I5
 X (1 - 0.13) - 0.272Pl 
Use of relaxa tion function gives more realis tic resul ts since 
wi th time liMA should approach and can never exceed the value given by 
Equa tion (62) which is - 0.3125PL 
7.2 Sudden Deforma tion of a Support 
This case will be illus tra ted wi th the same sys tem as above in 
7.1. Assume that tne can tilever in Figure 4 had a hinged support a t  B 
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installed before loading. The bending moment at A at the time of 
loading and after t0 = 28 days is Equation (63). Assume that at time 
t1 = 90 days the support B undergoes sudden settlement o6. The 
additional moment at A rsulting from this settlement is as given in 
Equation ( 64). 
3Ec(tl)IcoB(tl) 
L2 
(64) 
During the time period from t1 = 90 days to t2 = 360 days the 
additional moment undergoes change accordingly with Equation (54). 
r(titj l is always less or equal to one (CEB, 1978) and 
Ec( tj l 
therefore �MA(t) will be reduced with time and may be eventually 
completely cancelled by the creep deformation of the beam. 
(65) 
The value of the relaxation function for this time interval is 
as shown above in 7.1 
Hence 
r(365,90) 
=
 
o1 .• 
0
5
8
7 
=
 
0_528 Ec(90) 
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It is interesting to compare this solution with the solution 
presented in a monograph {Leonhardt, 1964). That solution consisted 
in the division of the total time internal {t2 - t1l into N equal 
subintervals and in the assumption that the creep increment is equal 
for each time subinterval. The additional moment generated by creep 
deformation is calculated for each subinterval and by letting the 
number of subintervals approach i nfi ni ty the fo 1l owing formula is 
obtained. 
{66) 
As shown above A{360,90) 1.052 
and 
This section differs substantially from the solution with 
relaxation function. It is difficult to find out about the reasons 
for this difference. One possible reason could be for example the 
constant rate of increase of creep deformation used in creep solution, 
which de-facto is gradually diminishing. 
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7.3 Slowly Developing Deformation of Support 
Consider the previous example. If the settlement of the 
support c8 is progressive instead of being sudden and its development 
with time is proportional to the creep coefficient, then the solution 
is given by the modified Equation (53). 
(67) 
where �A(oo) is the moment that would have occurred at infinite time for 
the final value of settlement c8 as given in Equation (62). For t2 = 
360 days and t1 = 90 days, Equation (67) gives 
The interpretation of this is that �MA develops progressively 
from zero to its final value and at 360th day attains 0.672 of the 
final value. The disadvantage of this solution is that it requires 
the knowledte of the final magnitude of settlement. However, the 
ratio 
(68) 
gives a general variation of the moment generated by settlement of 
support 6 8. 
8. CONCLUSION 
- 60 -
Creep deformation affects concrete structures in a variety of 
ways wnich range from loss of prestressing force in prestressed 
construction to a substantial redistribution of stress and deformation 
in statically indeterminate structures subjected to some structural 
changes. 
The calculated loss of prestress is highly sensitive to the 
metnod of calculation, with the magnitude of the loss being inversely 
related to tne refinement of the method. 
Time-dependent analysis of statically indeterminate concrete 
structures subjected to various changes after erection is simplified 
if use is made of the relaxation function and of its derivative, the 
aging coefficient. This shows the importance of the availability of 
the relaxation function. 
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APPENDI X  B - NOTATI ON 
A cross section area 
c a constant 
e eccentricity 
Et modulus of elasticity at time t 
I moment of inertia 
M bending moment 
p force 
r(t,t0) relaxation function at time t for restrained concrete 
deformation at time t0 
R loss from relaxation of prestressed reinforcement 
(in units of stress) 
t time 
y distance within a section measured from centroid of the 
section 
Z section modulus 
o deflection 
£(t) strain at time t 
A(t,t0) creep coefficient at time t for concrete loaded at age t0 
cr(t) compressive stress at time t 
I sum 
�(t,t0) creep function at time t for concrete at age t0 
x(t,t0) aging coefficient at time t for concrete loaded at age t0 
Prefixes 
d differential 
-64-
6 incremental or decremental change in value 
�uoscripts 
at reduced relaxation 
o oottom of tne section 
c concrete 
cg stress in concrete resulting from permanent loads only 
cp stress in concrete resulting from prestress only 
cr creep 
el elastic 
G dead weight 
i or ij numerical counters 
io at redundant i from actual loads 
k a certain instant of time 
n caused by process other than creep 
o at tne start of a process, or related to the actual load 
in primary beams 
rt restoring 
prestressing reinforcement 
sg stress in prestressing reinforcement resulting from prestress 
and from dead weight 
si initial stress in prestressing reinforcement or spring stiffness 
at itn redundant 
s,n non - prestressed reinforcement 
s2 after transfer 
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sj (wnerejisaninteger j=1,2,3 . . . .  lspring flexibility at 
support j 
t top of the section 
Superscripts 
* reduced value, adjusted value, transformed v alue. 
Matrix Calculus 
( l v ector 
[] 
matrix 
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